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Differential Settlement of Rigid Pavement of 3-Pile
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Abstract
A new kind of rigid pavement is Nailed-slab System. It is not a soil improvement
method, but rather as an alternative method to improve the performance of rigid
pavement on soft soils. This system consists of a thin reinforced concrete slab, and
short piles attached underneath. The installed piles under the slab were functioned
as slab stiffeners and anchors. This research is aimed to learn the deflection
behavior of Nailed-slab System by conducting full scale testing model. The tested
full scale model was 6.00 m x 3.54 m slab area with 0.15 m in slab thickness, and
consists of 15 short micro piles (0.20 m in diameter, 1.50 m in length, and 1.20 m
in pile spacing) as slab stiffener, piles and slab was connected monolithically by
using the slab thickening (0.40 m x 0.40 m in area and 0.20 m in thickness), then
in due with vertical concrete wall barrier on the two ends of slab. Nevertheless, the
testing results show good performance. The model experienced very small
deflection and has higher bearing capacity above 160 kN because of the linear
elastic-response is kept until load 160 kN. Loading position was not significantly
influenced to the maximum deflection and bearing capacity. Differential
settlement due to monotonic loadings tend higher than the one caused by repetitive
loadings for interior loading. All total and differential settlements were smaller
than allowable deflections.
Keywords: soft clay; rigid pavement; nailed-slab system; differential settlement
Correspondence should be addressed to anaspuri@eng.uir.ac.id
Copyright © 2016. This is an open access article distributed under the Creative Commons Attribution License.
Available online at http://eproceeding.itp.ac.id/
INTRODUCTION
Rigid pavement slab can be directly constructed on the soft sub grade and/ or on the base layer.
But soft soils under the pavement tend to experience Differential settlement as the results of the
differential loads distribution or differential in soil homogenous. The pavement would be loaded
by cyclic loads from traffic and also temperature loads that cause the warping on the slab. These
matters can cause undulating on the slab or damages on the pavement structures. Rigid
pavement on soft soils needs higher slab thickness, with the result that the increasing in self-
weight. Several construction methods were developed to overcome or to minimize the rigid
pavement problems on soft soils, such as soil stabilization, soil reinforcement, embankment on
piles, cobweb foundation (fondasi sarang laba-laba), or chicken foot foundation (fondasi cakar
ayam). Hardiyatmo [1] proposed the changing of the shell of chicken foot foundation by short-
friction piles for efficiency of construction implementation. This method is called Nailed-slab
System.
The Nailed-slab System construction is proposed to be applicable for soft soils. This
system consists of a thin pile cap that also serves as a rigid pavement, and short piles attached
underneath. The composite system (consists of piles, slab, and soils surrounding the piles) is
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expected to be formed to bear the loads. The mainly function of pile is as a nail to the slab so
that the slab remains in contact with the subgrade. The installed piles under the slab also
increase the slab stiffness [2]. Then the slab thickness can be decreased. The decreasing of slab
thickness can reduce the weight of the structure and will be beneficial for soft soils [3]. Hence, a
more durable pavement can be acquired with the result that the pumping could not take place
and differential settlement could be reduced. Yet the consolidation problem of soft soils under
the construction is not covered by the nailed-slab.
Designing the Nailed-slab System is based on static load as we design the bridge, rather
than the traffic load (axel load). A simple method to analyze the nailed-slab has been proposed
by Hardiyatmo [4] and Puri, et.al. [5]. Puri, et.al. [5] simplified the Hardiyatmo method by
considering tolerable deflection of rigid pavement. Both methods use equivalent modulus of
subgrade reaction, and were validated by model tests ([6]; [7], [5], [8], [9]) and were also
validated by full scale test by Puri, et.al. [10]. Puri, et.al. [11] discussed the vertical and
differential settlement of the Nailed-slab by conducting the 3-pile row full scale test. The
loadings were monotonic loadings. Puri, et.al. [12] also discussed the vertical deflection of the
slab form the 3-pile row full scale test. The loadings were repetitive loadings. This paper will
discuss the comparison of the differential settlement of slab for 3-pile row Nailed-slab System.
Differential settlement is more important than total settlement. Differential settlement can cause
damage rather than total settlement. For rigid pavements, the general guide is that [13]
D/T2 ≤ 2.5E-4/m (1)
where D is the depth of differential settlement and T is the half wave length of settlement.
INVESTIGATED 3-PILE ROW FULL SCALE NAILED-SLAB
Detail of the procedure on 3-pile row full scale Nailed-slab is presented in Puri, et.al. [11] and
briefly described in Puri, et.al. [12]. In this paper, it will be presented again by
comprehensively.
Soil Pond and Materials
A full scale of Nailed-slab was conducted on soft clay. A 6 m x 3.6 m soil pond was conducted
by digging the existing soil until the depth of 2.5 m. On the 2 longer side was retained by
masonry walls and supported by some temporarily bamboo girder. The anchorage system was
built near the pond. Separator sheets were set on the pond walls and base to avoid the effects of
surrounding existing soils. A 2.15 m of pond depth was filled by soft clay which took from
District Ngawi, East Java, Indonesia. The soft clay properties are presented in Table 1. The slab
and piles was reinforced concrete. The concrete strength characteristic of slab and piles was
29.2 MPa and 17.4 MPa respectively. The flexural strength of the slab was 4,397.6 kPa.
Dimension of Nailed-slab Prototype
The Nailed-slab System Prototype dimension was 6.00 m × 3.54 m, 0.15 m in slab thickness,
and the slab was reinforced by micro piles 0.20 m in diameter and 1.50 m in length. The spacing
between piles was 1.20 m. All piles were installed under the slab and connected monolithically
by using thickening slab connectors (0.40 m × 0.40 m and 0.20 m in thickness). Each end of
slab is equipped by the vertical concrete wall barrier. There was a 5 cm lean concrete thickness
under the slab. The piles configuration and other Nailed-slab detail are shown in Fig. 1. The slab
was loaded by compression loadings with different load positions. Loads were transfer to the
slab surface by using circular plate with 30 cm in diameter (the plate represents the wheel load
contact area). Then the instrumentations were recorded. Detail about testing procedure is
presented in Puri, et.al. ([11], [12]). Some photographs in construction and testing are presented
in Fig. 2.
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Table 1: Soft Clay Properties [11]
No. Parameter Unit Average
1 Specific gravity, Gs - 2,55
2 Consistency limits:
- Liquid limit, LL % 88,46
- Plastic limit, PL % 28,48
- Shrinkage limit, SL % 9,34
- Plasticity index, PI % 59,98
- Liquidity index, LI % 0,36
3 Natural water content, wn % 50,49
4 Water content, w % 54,87
5 Clay content % 92,93
6 Sand content % 6,89
7 Bulk density, kN/m3 16,32
8 Dry density,d kN/m3 10,90
9 Undrained shear strength, su
- Undisturbed kN/m2 20,14
- Remolded kN/m2 11,74
10 CBR % 0,83
11 Soil classification:
- AASHTO - A-7-6
- USCS - CH
RESULTS AND DISCUSSION
This paper only presents the P- relationships from testing results and discussion about them.
There were 7 different tested loading positions. In this paper, it will be presented 3 of them that
are centric load (point A), edge load (point C), and interior load (point D). Fig.3 shows the
points of observation. Every load points were not loaded until failure, except reached the early
of plastic zone. Discussion about P- relationship was presented in Puri, et.al. ([11], [12]) and
will be presented again in briefly.
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Fig.2: Construction on Prototype of Nailed-slab System; a) cured soft clay on the pond, b)
concrete reinforcement, c) finishing of concrete pouring, d) Loading test on the center of slab
[11].
Fig.3: Plan view of observation points, loading points and pile position [12].
Centric loads (point A)
The repetitive loading was conducted gradually by the increment loads was two times the
previous one. Loading intensity was increased gradually from P = 0 kN became P = 5 kN, then
decreased became P = 0 kN (with it was repeated 5 times). Then similar procedure was
conducted for P = 10 kN, 20 kN, 40 kN, 80 kN, 160 kN respectively. The monotonic loading
was conducted by increased gradually from P = 0 kN became P = 5 kN, then increased by twice
previous load. Deflection results are shown in Fig.4.
Notes:
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a. P- b. Deflection shape along the slab
c. Differential settlement d. Angular distortion
Fig.4: Results for centric monotonic and repetitive loadings.
At the load intensity P = 40 kN (design single wheel load for highway), the maximum
deflection under the load is 0.48 mm and followed by others points with smaller deflections
around 0.11-0.25 mm (Fig.4a). Slab deflection responses were fulfilled the expectation, which
more and more from loading point the deflections tend to experience smaller deflection. And the
deflected-bowl shape closes a symmetrical shape (Fig.4b). Besides, every loads were unloaded,
the deflection in each points were close to zero. It indicates that the system (micro piles,
concrete slab, and thickening slab which connected the slab and pile) worked perfectly. It can be
seen in Fig.4a that the response of the system is very close to the linear-elastic. The linear
response is clearly seen at the curve for load up to 160 kN, which the load 160 kN is quite
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are not discussed since they have smaller deflection values. Fig.4a also shows that the
differentiations between each repetition are not significant, only about 0.15 mm at the P = 160
kN, and tend to be smaller by decreasing the loads [12].
Puri, et.al. [12] summarized the repetitive center loading as follows: (a) the load
repetition was not significantly influence the deflection response, (b) installed piles under the
slab which embedded into the soils was stiffer enough as a slab stiffener, the higher stiffness,
i.e. at load 40 kN the deflection experienced only 0.48 mm, (c) shape of deflected bowl shows
the symmetrical shape which indicate that the all installed piles were able to response similarly
in 3D, and (d) Prototype Nailed-slab has higher bearing capacity above 160 kN (expected 427
kN, simply calculated from 20.14 kPa x 21.24 m2) because of the linear elastic-response is kept
until load 160 kN.
The deflection response for monotonic loading is little bit more critical than the
repetitive one (Fig.4b). But then they have almost similar linear-elastic response up to load P =
160 kN (Fig.4a). Deflection shape along the slab (cross section in field condition) shows in
Fig.4b. It is seen that deflection shape is a bowl shape. However, the end of slab was not
uplifted. It is caused by the contribution of uplift resistance from installed piles under the slab. It
will not be the problem for field application. This deflection will be decreased significantly by
longest the pavement length.
Differential settlement of slab was slightly small for both loadings (Fig.4c). Although
the higher one is for monotonic loading. Repetitive loadings tend to have lower effect to
deflection. It is shown also in the value of angular distortion (Fig.4d). This value was for slab
length 3,00 m (a half of total length of slab). To avoid the pavement crack, maximum
differential settlement is taken 5 mm. According to Bjerrum [14], for maximum differential
settlement in the clay, the ratio of /L maximum is 1/1,600 or 0.000625. All angular distortion
for load 80 kN (twice single wheel load) were less than 0.000625. And according to Eng-Tips
Forum [13], all angular distortion was very small which less than 2.5E-4. It can be concluded
that the pavement is in good performance.
Edge loads (point C)
Loading intensity was increased gradually from P = 0 kN became P = 5 kN, then decreased
became P = 0 kN (with it was repeated 5 times). Then similar procedure was conducted for P =
10 kN, 20 kN, 40 kN, 80 kN, 120 kN respectively. Deflection results are shown in Fig.5. At the
load intensity P = 40 kN (design single wheel load), the maximum deflection under the load is
0.92 mm and followed by others points with smaller deflections less than 0.54 mm (Fig.5b).
Slab deflection responses were fulfilled the expectation, which maximum deflection occurred
under the load and more and more from loading point the deflections experienced smaller
deflection. Besides, every loads were unloaded, the deflection in each points were close to zero.
It indicates that all components of the system (micro piles, concrete slab, and thickening slab
which connected the slab and pile) worked perfectly and the response of the system is very close
to the linear-elastic. The linear response is clearly seen at the curve for load up to 80 kN, which
the load 80 kN is quite enough (reached ±2 x 40 kN design single wheel load). Fig.5b also
shows that the differentiations between each repetition are not significant, only about 0.27 mm
at the P = 160 kN, and tend to be smaller by decreasing the loads. The deflection response for
repetitive loading is little bit more critical than the monotonic one (Fig.5b). But then they have
almost similar linear-elastic response up to load P = 80 kN [12].
According to the observation on the linear-elastic response of the deflection under the
load up to 120 kN (±3 x 40 kN design single wheel load), it can be summarized as follows [12]:
(a) the load repetition was not significantly influence the deflection response, (b) installed piles
under the slab which embedded into the soils was function as a slab stiffener with enough
stiffness, (c) shape of deflected bowl shows that more and more from loading point the
deflections experienced smaller deflection, (d) deflection under the load 40 kN was very small
(only 0.92 mm), (e) Prototype Nailed-slab has higher bearing capacity above 120 kN because of
the linear elastic-response is kept until load 80 kN, and (f) the loading position was not
significantly influence the maximum deflection and bearing capacity.
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Deflection shape along the slab (cross section in field condition) shows in Fig.4b. It is
seen that deflection shape is a half bowl shape. However, the end of slab across the load
position was not uplifted. It is caused by the contribution of uplift resistance from installed piles
under the slab. This deflection will be increased significantly by longest the pavement length.
All angular distortion for load 80 kN (twice single wheel load) were less than 0.000625 and
were very small which less than 2.5E-4. It can be concluded that the pavement is in good
performance.
Interior loads (point D)
Loading intensity was increased gradually from P = 0 kN became P = 5 kN, then decreased
became P = 0 kN (with it was repeated 5 times). Then similar procedure was conducted for P =
10 kN, 20 kN, 40 kN, 80 kN, 160 kN respectively. Deflection results are shown in Fig.6. At the
load intensity P = 40 kN (design single wheel load), the maximum deflection under the load is
0.51 mm and followed by others points with smaller deflections less than 0.46 mm (Fig.6a).
Slab deflection responses were fulfilled the expectation, which more and more from loading
point the deflections tend to experience smaller deflection. And the deflected-bowl shape closes
a symmetrical shape. It is seen that the point B and 23 have similar deflection. Besides, every
loads were unloaded, the deflection in each points were close to zero. It indicates that the system
(micro piles, concrete slab, and thickening slab which connected the slab and pile) worked
perfectly. It can be seen in Fig.6b that the response of the system is very close to the linear-
elastic. The linear response is clearly seen at the curve for load up to 80 kN, which the load 80
kN is quite enough (reached ±2 x 40 kN design single wheel load). The differentiations between
each repetition are not significant, only about 0.44 mm at the P = 160 kN, and tend to be smaller
by decreasing the loads [12]. In this case, monotonic loading tends to be critical than repetitive
one.
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c. Differential settlement d. Angular distortion
Fig.5: Results for edge monotonic and repetitive loadings.
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c. Differential settlement d. Angular distortion
Fig.6: Results for interior monotonic and repetitive loadings.
Deflection shape along the slab (cross section in field condition) shows in Fig.6b. It is seen that
deflection shape is a bowl shape. However, the end of slab across the load position was not
uplifted. It is caused by the contribution of uplift resistance from installed piles under the slab.
Each corner of slab near the loading point experienced little bit significant deflections about
0.34 mm.  It will not be the problem for field application. This deflection will be decreased
significantly by longest the pavement length. All angular distortion for load 80 kN (twice single
wheel load) were less than 0.000625 and were very small which less than 2.5E-4. It can be
concluded that the pavement is in good performance.
Comparison of Differential Settlement
Differential settlement for various loading position is shown in Fig.7. It can be seen that the
differential settlement at single wheel load 40 kN for all loading positions are not significant for
both loading type. Linear elastic-response for centric load is kept until load 160 kN while for
edge and interior monotonic loading are kept until load 80 kN. Differential settlement for
repetitive loading tends to be smaller than monotonic loading. Monotonic loading tends to cause
more negative effect to pavement slab. In this case the differential settlement for interior load
behaved little bit unstable.
a. Monotonic loads b. Repetitive loads
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CONCLUSIONS
The prototype of Nailed-slab System was conducted and tested. According to loading test
results (repetitive and monotonic) and discussion, several important conclusions can be
concluded that the tested prototype of Nailed-slab System shows
1. load repetition was insignificantly influenced the deflection response,
2. installed piles under the slab which embedded into the soils was stiffer enough as a slab
stiffener,
3. shape of deflected bowl indicated that the all installed piles were able to response similarly
in 3D, and occurred deflection due to loading was very small (about 0.92 mm for edge
repetitive load intensity P = 40 kN),
4. loading position was not significantly influence to the maximum deflection and bearing
capacity,
5. the prototype of Nailed-slab System had good performance according to differential
settlement. And repetitive loading tends to cause less negative effect to pavement slab.
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